Introduction
. The corrected and determined concentrations of As and Pb in samples analyzed resulted in a precision of 0.6 to 3.9 %. 25 The combustion of agricultural wastes, coal, municipal waste, peat and wood has generated huge amounts of different kinds of ashes during the previous decades 1 . Fly ashes contain significant amounts of elements with a toxic character such as 30 As, Cd, Co, Cr, Pb, Ni, and V 2, 3 . It is well known that those elements are potential risks in the environment even at low concentrations 3, 4 . A significant problem in the use of various kinds of fly ashes is the injurious effect on the environment and human health 5, 6 . Potential applications for fly ashes 35 include construction materials (cement and ceramic), geotechnical structures (road pavement and embankments) and agriculture (soil amendment) 1, [7] [8] [9] Microwave-accelerated digestion has become the most commonly used sample pre-treatment method for the 40 determination of toxic element concentrations in different kinds of solid samples by ICP-OES . [10] [11] [12] . Microwave-assisted digestion can be performed in open or closed systems. Another practical sample pre-treatment method in the determination of toxic element concentrations in solid samples 45 is ultrasound-assisted digestion. Ultrasound-assisted digestion has been used for elemental analysis of many particulate materials such as contaminated soil, coal fly ash, biological samples and sediment [13] [14] [15] [16] The methods used in the analysis of toxic elements in fly 50 ash samples are based on atomic absorption or emission spectrometry together with a liquid sample introduction system. The main advantages of inductively coupled plasma optical emission spectrometry (ICP-OES) over atomic absorption techniques are multi-element determination and 55 high sample through-put with detection limits low enough for most of the analyte elements in fly ash samples . 17, 18 . The main emission lines for the determination of Pb are 217.000 nm, 220.353 nm and 283.306 nm. However, the most sensitive emission line of Pb is 220.353 nm 19 . ICP-OES is used less 60 than ICP-MS for the determination of As concentrations. However, As can be determined by ICP-OES. The main emission lines for the determination of As are 188.979 nm and 193.696 nm 20, 21 . Interferences during sample introduction in ICP-OES usually occur with samples of high viscosity and 65 complex sample matrix. Most of the matrix effects are caused by the easily ionizable elements (EIEs) 22, 23 . Anyway, several spectral interferences have been found in the determination of As and Pb by ICP-OES 24 . Direct spectral overlap interference due to Fe was found when Pb was determined in the emission 70 lines 217.000 nm and 283.306 nm 24, 25 . Inter-element interference was found in the determination of Pb in the emission line 220.353 nm from Al and background shift was observed due to Fe 19, [24] [25] [26] [27] Evaluation and correction of matrix interferences in the 75 ICP-OES measurements can be performed using the multiple linear regression technique . [28] [29] [30] . This technique is based on the The aim of this study was to develop an effective and precise method for the determination of As, and Pb in power plant fly ashes by ICP-OES. The increasing demand for accurate analysis of ashes is caused by increasing 20 environmental concern about of fly ashes. The reuse potential of different kinds of ashes has been noticed worldwide.
.
Experimental Instrumentation
All the measurements were performed with a Perkin-Elmer Reagents and plasma power of 1400 W and 1500 W). Two wavelengths for both elements investigated were tested in axially viewed plasma. The appropriate wavelengths used in the final determination are shown in 35 1 US-TSD = Ultrasound (two-step): i) digestion solution of 6 mL of HNO . Three digestion procedures were performed with an ultrasound method (US-TSD, US1, and US2) and one digestion procedure was performed with a microwave method standardized by the 70 USEPA (MW).
3 , (9 min) ii) digestion solution of 3 mL HNO 3 2 US1 = Ultrasound, digestion solution of 10 mL aqua regia 75 and 0.5 mL HF, (18 min) and 3 mL HF, (18 min) Table 2 Analytical results for two-step (US-TSD) digestion procedures in SRM 1633b (mean of six replicate samples, with the confidence limit of the mean, P = 0.05).
Results
As 188.979 nm mg kg All concentration measurements were carried out using fourpoint calibration. As and Pb were determined by using two of the most sensitive emission lines to attain the sensitivity required. High values were obtained for the regression correlation coefficients, as shown in Table 1 . The SRM 1633b was analyzed to test the validity of the procedure. The concentrations of the two elements (As, and Pb) determined are shown in Table 2 . Almost every 20 measurement using different parameters of the determination of As and Pb in SRM 1633b by ICP-OES failed to obtain the certified concentrations, resulting in recoveries from 72 to 420 % ( Table 2. ). This was the case even if higher plasma power and lower nebulizer flow was used instead of those 25 recommended by the ICP-OES manufacturer. However, the precision of the concentrations determined by ICP-OES was quite similar with the certified concentrations. (Table 3) of matrix elements at five concentrations. The concentrations were selected to include one level lower and one higher than those determined in SRM 1633b and the real fly ash samples. The synthetic mixtures of matrix elements were produced such that the matrix element 10 concentrations did not correlate with each other. The interference effects were evaluated at wavelengths and parameters (plasma power and nebulizer flow) which had produced statistically unacceptable analyte concentrations ( Table 4 ). The calculations were carried out by selecting the 15 added element concentrations and measured analyte concentrations as independent variables and the added analyte concentrations as a dependent variable. The calculations were performed using SigmaStat statistical software (Jandel scientific). The multiple linear regression parameters 20 calculated for As and Pb are shown in Table 5 . Only statistically significant (P < 0.05) correction parameters were taken into consideration.
As can be seen in Table 5 , Al, Ca, and Fe were the most significant interfering elements in the sample matrix. Those 25 elements may significantly affect analyte element concentrations because they usually occur at high concentrations in the sample matrix. According to the multiple linear regression data, the determination of As (both wavelengths) using different measurement parameters yielded , which resulted in too low concentrations. Interference in the determination of As at 188.979 nm was caused by Ca concentration in the matrix. 35 Interference in the determination of As at 193.696 nm was mainly caused by Al (Table 5 ). When plasma power of 1400 W was used the measurement of As was interfered also by Ca and Pb. According to the MLR data the determination of Pb at 217.000 nm resulted in too high concentrations, 40 whereas the determination of Pb at 220.353 nm resulted in too low concentrations. Interference in the determination of Pb at 220.353 nm was caused by Al, and Fe. The determination of Pb at 217.000 nm was enormously interfered by Al, Ca, and Fe (Table 5 
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Evaluation of wavelengths and determination parameters , the determination of As at emission lines 188.979 nm and 193.696 nm was interfered by Fe, but that interference could be corrected by a widely used background 60 correction technique.
The correction was evaluated using wavelengths and measured parameters which produced statistically acceptable analyte concentrations (Table 4 ). According to the paired t- was used, only the As concentrations needed correction. 19 , R.K. Winge et. al. 24 , and Iv. Boevski et. al. 36 , the most suitable emission line for 35 the determination of Pb is 220.353 nm. According to A. Asfaw et. al.
Standard addition method , typically used emission lines for the determination of As were all exposed to different types of spectral interference, but the most practical emission line for the determination of As was 193.696 nm because the 40 correction of that emission line can be easily done.
The standard addition method was used to confirm the analysis of real fly ash samples in which the main matrix element concentrations differed from the SRM 1633b. The concentrations (50 % and 200 % addition) ( Fig. 1 and Fig. 2) . The standard addition method resulted in recovery rates from 75 % to 103 % (determined), whereas standard addition with 75 MLR method resulted in recovery rates from 90 % to 106 % (corrected). As can be seen in Fig. 1 and Fig. 2 , the MLR correction was performed successfully in the determination of As and Pb in fly ash samples.
. Precision of the method resulted in 1-3 %.
MLR correction

80
The MLR data of the matrix elements were used to correct the determined As, and Pb concentrations of SRM 1633b and two fly ash samples. The directly determined, corrected and certified concentrations of SRM 1633b with the recoveries are shown in Table 6 . 85 The MLR correction of the Pb concentrations (with plasma power of 1500 W and nebulizer flow of 0.5 L min -1 ) of the SRM was applied with great success in the digestion methods US-TSD and MW, resulting in recovery rates from 96.0 % to 97.6 %. On the other hand, the determination of the The corrected concentration of the SRM for As was not successful because all results remained too low. The most 100 suitable corrected concentrations of the SRM for As was obtained using the digestion method US2. The corrected As recoveries varied from 83.5 % to 92.9 % in the SRM sample. However, it should be noted that the corrected mean concentration of As approached the certified value. The 105 correction for the determined As concentrations of SRM 1633b was significantly higher in digestion methods US-TSD and US1 than digestion methods US2 and MW because their significant matrix element concentrations results were in even ) of the SRM for Pb was also quite successful in the digestion method US-TSD, US1 and MW, resulting in recovery rates from 96.9 % to 98.3 % (Table 6 ). The corrected concentrations of the SRM for Pb by the 95 digestion method US2 was not successful, because the determined concentrations were lower than the quantification limit. ii) digestion solution of 3 mL HNO 3 and 3 mL HF, 18 min (6 × 3 min) 5 US1 = Ultrasound, digestion solution of 10 mL aqua regia and 0.5 mL HF, 18 min (6 × 3 min) US2 = Ultrasound, digestion solution of 10 mL (1+1) aqua regia, 9 min (3 × 3 min) MW = Microwave, digestion solution of 9 mL HNO 3 and 3 mL HF, USEPA method 3052
15-fold higher. This is quite surprising because ultrasound 10 method yielded significantly higher Al concentrations than microwave method with a mixture of 9 ml of HNO 3
The determined and corrected concentrations for four different digestion methods of two fly ash samples are presented in Table 7 . The corrected concentrations of As for all real fly ash samples (FA1 and FA2) by four different digestion methods were quite similar, almost every 20 concentration being between 27 -37 mg kg and 3 ml of HF as the digestion solution. The corrected concentrations of As and Pb in the SRM 1633b showed the same trend in precision as in the certified concentrations. with only a few exceptions. The corrected and determined concentrations of As and Pb in real fly ash samples analyzed resulted in similar precision as those of the certified material (SRM 1633b). It should be noted that slightly low concentrations of As in SRM 1633b may be due 35 to loss of As during the digestion step. As can be seen in Fig.  1 , the standard addition method with MLR correction resulted in recovery rates from 93.6 % to 106.1 % for As in a case of real fly ash samples.
Almost every direct determination of As and Pb concentrations in the SRM 1633b samples by using ICP-OES resulted in values that were too low. But then the analysis of Pb concentrations in SRM samples was successfully performed by using the multiple linear regression technique, Table 7 The determined and corrected concentrations in four different digestion methods of two fly ash samples based on the multiple regression line calculated from the analytical results at synthetic mixtures of matrix elements (mean of six replicate samples, with the confidence limit of the mean, P = 0.05). 
FA1
Method: US-TSD 1500 W : Neb 0.5 31.5 ± 0.9 34.5 ± 1.4 150.9 ± 3.5 154,8 ± 3.6 US1 = Ultrasound, digestion solution of 10 mL aqua regia and 0.5 mL HF, 18 min (6 × 3 min) US2 = Ultrasound, digestion solution of 10 mL (1+1) aqua regia, 9 min (3 × 3 min) MW = Microwave, digestion solution of 9 mL HNO 3 and 3 mL HF, USEPA method 3052 whereas the corrected concentrations of the SRM for As were 10 still too low. However, it should be noted that the corrected mean concentration of As approached the certified value resulting in a recovery of 92.9 %. The results proved that it is possible to use the multiple linear regression technique to evaluate matrix interferences in 15 the determination of As, and Pb in the fly ash samples by ICP-OES. Only 19 synthetic mixtures of matrix elements were required to obtain reliable results. The matrix interferences in the determination of As were caused by Al, Pb, and Ca whereas the matrix interferences in the determination of Pb 20 were caused by Al and Fe. Similar interferences on the determination of As and Pb have been presented 19, 24, 27 The most suitable wavelengths for the determination of As 30 and Pb were 193.696 nm and 220.353 nm, respectively. This is concordant with the observations presented in the literature ; however, without the interference caused by Ca. In the case of the fly ash samples from wood combustion, the As and Pb concentrations were dramatically interfered by Ca at 25 wavelengths 188.979 nm and 217.000 nm, respectively. The analysis showed that the sample matrix can strongly interfere with the determination of As and Pb causing significant changes in the determined element concentrations. 24, 27, 36 . The most suitable instrument parameters for the determination of As and Pb were plasma power of 1500 W and nebulizer flow of 0.5 L min -1 or 0.6 L min -1 . The 35 determination of As and Pb using plasma power of 1500 W and nebulizer flow of 0.5 L min -1 resulted in concentrations that must be corrected using multiple linear regression. The determination of As and Pb with plasma power of 1500 W and nebulizer flow of 0.6 L min -1 resulted in concentrations where 40 only As had to be corrected by the MLR technique. It is well known that the accurate determination of toxic elements such as As and Pb are crucial in cases of suspected environmental and health risks.
